Mechanical conditioning of mesenchymal stem cells (MSCs) 
Introduction
Mesenchymal stem cells are a multipotent cell population that can differentiate into bone, fat, muscle, cartilage, and tendon tissue types ͓1͔. Properties including ease of isolation, proliferative capacity, ability to differentiate, and ability to avoid allogenic response ͓2͔ have led to the investigation of these cells for a range of tissue engineering applications. Mechanical conditioning is a strategy that can regulate the cellular pattern of differentiation in tissues that are mechanoresponsive ͓3͔. Cyclic strain is a potent regulator of in vitro skeletal tissue differentiation from MSCs ͓4͔. The profile of protein expression that is induced in mechanically stimulated cells is specific to the type of mechanical stimulus delivered, and a range of strain stimuli have been demonstrated to promote tissue specific differentiation. Thus, MSCs sourced from a number of species have been exposed to mechanical strains in the form of uniaxial ͓5͔ or equiaxial ͓4,6͔ cyclic tensile strain ͓7,8͔, hydrostatic pressure through compression ͓9,10͔, and fluid shear through flow perfusion ͓11-14͔, in the absence ͓5͔ or presence ͓4,9,13͔ of growth factor supplements to regulate differentiation along the osteogenic and chondrogenic lineages.
Some studies report that strain promotes MSC proliferation ͓6,11͔, while in others, strain attenuates the proliferative capacity of stem cells ͓4͔. Since it has been reported that there is a significant loss of cells during the mechanically induced differentiation process ͓15͔, strain therefore has an influence on cell viability as well as on differentiation and proliferative dynamics. However, the mechanisms by which strain regulates MSC viability are poorly understood.
Apoptosis is a tightly regulated form of cell death that can be triggered via numerous mechanisms including extracellular events. Mechanosensitive cell membrane components that respond to extracellular stimuli such as mechanical force include stretch-activated cation channels ͑SACCs͒ and L-type voltageactivated calcium channels ͑VACCs͒ ͓16,17͔. The stress-activated protein kinase, c-jun N-terminal kinase ͑JNK͒, has been identified as a mediator of cell death in response to a variety of stimuli ͓18͔ including mechanical strain ͓19͔ in a number of cell types ͓20,21͔. While previously associated with necrotic cell death, recent research has identified the involvement of calpain in apoptosis in some cell types ͓22͔. Calpain is activated by an elevation in cytosolic Ca 2+ levels, and calpain substrates include cytoskeletal and plasma membrane associated proteins and transcription factors ͓23͔, which are pertinent in the execution of the apoptotic cascade ͓24͔.
Extensive studies on the relationship between strain and apoptosis have been carried out on osteoblasts ͓25,26͔, alveolar cells ͓27͔, smooth muscle cells ͓28͔, tendon ͓20͔, gingival ͓29͔ fibroblasts, retinal pericytes ͓30͔, vascular endothelial cells ͓31,32͔, renal epithelial cells ͓33͔, and neurons ͓34,35͔. These studies examine various magnitudes and time-courses, and Birukov et al. ͓31͔ demonstrated that the magnitude of cyclic strain is a critical determinant of cell apoptosis in human pulmonary artery endothelial cells ͑HEPACs͒. A strain-magnitude-dependent relationship for JNK activation is also reported by Suzma et al. ͓30͔ in retinal pericytes. However, little work has been published on apoptotic signaling pathways in MSCs, and, to our knowledge, the role of cyclic strain on the stress response of adult MSCs has not been previously examined. Kennea ͓36͔ have demonstrated that apoptotic pathways exist in human fetal MSCs, and Li et al. ͓37͔ reported that MSC apoptosis can be triggered by chemotherapeutic agents. In this study we test the hypothesis that MSC viability is affected by cyclic strain magnitude, mediated through a mechanotransduction pathway involving voltage-dependent calcium channels, JNK, and calpain.
Materials and Methods
Cell Culture. MSCs were isolated from rat bone marrow, as described by Farrell et al. ͓38͔ . Briefly, bone marrow was harvested by flushing the femurs and tibiae of 12 week old male Wister rats with Dulbecco's modified eagle medium ͑DMEM͒ ͑Sigma-Aldrich, Poole, England͒ supplemented with 100 U / ml penicillin/streptomycin ͑Gibco BRL, Dublin͒, 10% fetal bovine serum ͑Gibco BRL, Dublin͒, 1 mM L-glutamine ͑Gibco BRL, Dublin͒, 2 mM Glutamax ͑Gibco BRL, Dublin͒, and 1% nonessential amino acids ͑Gibco BRL, Dublin͒. After incubation for 30 min in a humidified atmosphere of 95% air and 5% CO 2 at 37°C, the supernatant was removed and plated at approximately 5 ϫ 10 7 nucleated cells per 75 cm 3 in T75 culture flasks ͑Sarstedt, Leicester, England͒. Nonadherent cells were removed after 24 h. Culture medium was replaced every 3 -4 days. Cells were passaged upon reaching 80-90% confluency using trypsin ethylenediaminetetraacetic acid ͑EDTA͒ ͑Sigma-Aldrich, England͒. Fluorescence-activated cell sorter ͑FACS͒ analysis verified that the cell population expressed high levels of the putative MSC surface marker CD90 ͑96.9Ϯ 0.4% ͒ but not CD45 ͑Fig. 1͒, in agreement with previous published data on MSC cell surface markers ͓39͔. The osteogenic and chondrogenic lineage specific differentiations of these cells have previously been described ͓38,40͔. For all experiments, passage 3-5 cells were used.
Application of Mechanical Strain and Culture Conditions.
Silicone strips ͑10ϫ 60 mm 2 ; Specialty Manufacturing, Saginaw, MI͒ were coated with rat-tail collagen type I ͑1%; Sigma-Aldrich, Dublin, Ireland͒ and seeded with 500 l of 250,000 cells/ ml. Cells were allowed to attach for 2 days. Cyclic uniaxial tensile strains of 0%, 2.5%, 5%, 7.5%, and 10% were applied at 0.17 Hz for 3 days using a custom-made stretching device ͑Fig. 2͒. The device is described in detail by Moretti et al. ͓41͔ . Nonstrained control cells were grown on silicone membranes placed in a tissue-culture dish. Culture medium was further supplemented with either a SACC blocker, gadolinium chloride ͑Sigma Aldrich, Dublin, Ireland͒, stored as a 2 mM stock solution in dH 2 O at −20°C and used at a final concentration of 10 M; an L-type VACC blocker, nicardipine ͑Calbiochem, UK͒, stored as a 1 mM stock solution in dimethylsulfoxide at −20°C and used at a final concentration of 0.5 M; the cell permeable calpain inhibitor, MDL 28170 ͑Calbiochem, UK͒, stored as a 20 mM stock solution in dimethylsulfoxide at −20°C and used at a final concentration of 10 M; or an inhibitor of JNK peptide, D-JNK inhibitor 1 ͑Alexis Biochemicals, Ireland͒, stored as a 1 mM stock dissolved in sterile phosphate buffered saline ͑PBS͒ at −20°C and used at a final concentration of 1 M.
TdT-Mediated-UTP-End Nick Labeling. Apoptotic cell death was assessed using the DeadEnd™ colorimetric apoptosis detection system ͑Promega Corporation, Madison, WI͒ in accordance with the manufacturers' instructions. Briefly, cells were fixed with paraformaldehyde ͑4%͒ and permeabilized with Triton X100 ͑0.1%͒ and proteinase-K ͑0.01%͒. Nuclear DNA strand breaks were detected by enzymatically labeling free 3Ј-OH termini with biotinylated nucleotide using the enzyme terminal deoxynucleotidyl transferase ͑TdT͒. Horseradish-peroxidase-labeled streptavidin then bound to the biotinylated nucleotides. TdT-mediated-UTP-end nick labeling ͑TUNEL͒ stained nuclei were visualized by detecting the peroxidase using hydrogen peroxide and the chromagen diaminobenzadine ͑DAB͒. Cells were viewed under light microscopy at 40ϫ magnification, where the nuclei of TUNEL-positive cells stained brown. Apoptotic cells ͑TUNEL-positive͒ were counted and expressed as a percentage of the total cell number in the field. In each culture, four random fields were imaged. Approximately 400 cells were counted per culture and 5 individual experiments were carried out.
Fluorescence Immunocytochemistry for pJNK. To determine the activation of stress-activated protein kinases in response to strains that induce apoptosis, cells were assessed for phospho c-jun N-terminal kinase ͑pJNK͒ activation. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X100 ͑in tris buffered saline ͑TBS͒͒, and nonreactive sites were blocked with 20% horse serum/2% bovine serum albumin in TBS. Cells were incubated overnight with a mouse monoclonal anti-active JNK antibody ͑Santa Cruz Biotechnology, Germany͒ that recognizes JNK1, JNK2, and JNK3 of rat origin phosphorylated at Thr-183 and Tyr-185. Cells were then incubated with antimouse immunoglobulin G ͑IgG͒ conjugated to biotin ͑Vector, Peterborough, UK͒ followed by incubation in ExtrAvidin-FITC ͑Sigma, England͒. Cells were viewed by fluorescence microscopy ͑excitation: 490 nm; emission: 520 nm͒.
Measurement of Calpain Activity. Calpain activity was measured using a modification of the method described previously ͓42͔. Briefly, cleavage of the fluorogenic calpain substrate ͑Suc-Leu-Tyr conjugated to aminofluorocoumarin ͑AFC͒; Calbiochem, UK͒ to its fluorescent product was used to measure calpain activity. After 2 days in experimental conditions, MSCs were harvested in lysis buffer ͑25 mM 4-͑2-hydroxyethyl͒-1-piperazineethanesulfonic acid ͑HEPES͒, 5 mM MgCl 2 , 5 mM dithiothreitol ͑DTT͒, 5 mM EDTA, 2 mM phenylmethanesulphonylfluoride ͑PMSF͒, 10 g / ml leupeptin, 10 g / ml apoprotein, and 10 g / ml pepstatin; pH 7.4͒ subjected to three freeze-thaw cycles and centrifuged at 10,000g for 10 min at 4°C. Samples of supernatant ͑25 l͒ were incubated with the calpain substrate peptide ͑5 M and 2 l͒ and incubation buffer ͑23 l; 50 mM HEPES containing 10 mM DTT, 2 mM EDTA, and 20% glycerol; pH 7.4͒ for 1 h at 37°C. Fluorescence was assessed by spectrofluorimetry ͑excitation: 400 nm; emission: 505 nm͒.
Protein Quantification. Protein concentration was determined using the PIERCE bicinchoninic acid ͑BCA͒ assay. Supernatant ͑10 l͒ was transferred to a microtube containing lysis buffer ͑40 l͒. Standards ͑0 -2000 g / ml͒ were prepared using bovine serum albumin ͑BSA͒. Duplicate aliquots ͑25 l͒ of standard and samples were transferred to a 96-well plate containing 200 l of BCA protein assay working reagent per well. Absorbance was read at 570 nm on an EIA multiwell reader ͑Sigma, England͒. Protein concentration was determined from the BSA standard curve.
Statistical Analysis. Data are expressed as means of the combined result from each of the repeated testsϮ standard error of the means ͑SEM͒. Statistical analysis to compare treatments was carried out by a paired Student's t-test and an analysis of variance ͑ANOVA͒ test to determine whether significant differences existed between the populations. Post hoc tests were performed using Tukey's multiple comparisons test. In all cases the alpha level was set to 0.05. All statistical analysis was carried out using Graphpad PRISM 4 software ͑Graphpad Software Inc., La Jolla, CA͒.
Results
Uniaxial Cyclic Strain Affects MSC Viability in a Magnitude Dependent Manner. MSCs exposed to mechanical strains of 2.5% and 5% ͑0.17 Hz͒ for 3 days had no effect on DNA fragmentation; ͑5.41Ϯ 1.68͒% ͑meanϮ SEM͒ and ͑8.56Ϯ 2.09͒% of cells exhibited DNA fragmentation in control and 2.5% strained cells, respectively ͑n = 5 independent observations; Fig. 3͑a͒͒ . Similarly, ͑6.86Ϯ 1.61͒% and ͑4.98Ϯ 0.94͒% of cells exhibited DNA fragmentation in control and 5% strained cells, respectively ͑n = 5 independent observations; Fig. 3͑a͒͒ . In contrast, the percentage of MSCs, which exhibited DNA fragmentation, was significantly increased from ͑11.51Ϯ 3.63͒% to ͑20.33Ϯ 4.65͒%, and from ͑12.66Ϯ 7.77͒% to ͑47.09Ϯ 13.9͒% following exposure of the cells to 7.5% and 10% strains, respectively ͑0.17 Hz͒ for 3 days ͑p Ͻ 0.05, Student's paired t-test, n = 5 independent observations; Fig. 3͑a͒͒ .
Cells exhibiting TUNEL-positive staining, indicating DNA fragmentation, are shown in Fig. 3͑b͒ . Following the application of 2.5% strain cells respond morphologically by apparent elongation and re-orientation perpendicular to the direction of stretch ͑Fig. 3͑b͒͒͑ii͒. Cells in the late stages of apoptosis have darkly stained nuclei following colorimetric detection of fragmented DNA, and have developed a rounded morphology, prior to detachment ͑Fig. 3͑b͒͒͑iv͒. Cell density appears lower since a number of apoptotic cells have detached from the substrate. This result demonstrates that strain induces DNA fragmentation in a magnitudedependent pattern, with strains of 7.5% or greater being sufficient to evoke activation of apoptosis in adult MSCs.
Voltage-Dependent Calcium Channels, But Not StretchActivated Ion Channels, are Involved in Mechanotransduction of the Apoptotic Strain Signal. To examine the role of SACCs and L-type VACCs in the mechanotransduction of the apoptotic signal, cells were strained at 10% ͑0.17 Hz͒ for 3 days in the absence and presence of the SACC blocker gadolinium chloride ͑10 M͒ or the L-type VACC blocker nicardipine ͑0.5 M; Fig.  4͒ . The effect of strain on DNA fragmentation was quantified using TUNEL staining. Exposure of MSCs to 10% strain significantly increased the percentage of cells displaying DNA fragmentation from ͑7.87Ϯ 1.00͒% to ͑22.49Ϯ 2.39͒% ͑p Ͻ 0.05; one-way ANOVA; n =13͒. Similarly, in the presence of gadolinium chlo- ride, the percentage of cells displaying DNA fragmentation significantly increased from ͑6.91Ϯ 1.06͒% to ͑30.85Ϯ 5.29͒% ͑p Ͻ 0.05; one-way ANOVA; n =5͒ following 10% strain for 3 days. However, in the presence of the L-type calcium channel inhibitor, nicardipine, the strain-induced activation of apoptosis was abolished, indicating a role for VACCs in the mechanotransduction of strain-mediated apoptosis in MSCs ͑Fig. 4͒.
JNK is Activated During Strain-Mediated Apoptosis.
To investigate the specific intracellular signal transduction mechanisms that contribute to strain-mediated apoptosis, cells were examined using fluorescence immunocytochemistry for activation of the stress-activated protein kinase JNK. Strong immunoreactivity for active JNK localized in the nucleus following a 3 day exposure to 10% strain ͑0.17 Hz͒ was observed ͑Figs. 5͑i͒, 5͑ii͒; n =5͒. When cells were strained in the presence of the SACC blocker gadolinium chloride ͑10 M͒, the strain-induced phosphorylation of JNK was retained ͑Figs. 5͑iii͒ and 5͑iv͒; n =5͒. These data suggest that the mechanosensors that link the externally applied strain to an increase in JNK activation are distinct from SACCs.
Strain-Mediated Apoptosis in MSCs is Dependent on Calpain and JNK.
To gain insight into the intracellular mechanisms that couple strain to induction of apoptosis in MSCs, we examined the role of the protease calpain and the stress-activated protein kinase JNK ͑Fig. 6͒. In MSCs strained at 10% for 3 days ͑0.17 Hz͒ the percentage of apoptotic cells was significantly increased from ͑10.6Ϯ 2.32͒% to ͑39.6Ϯ 7.41͒% ͑p Ͻ 0.05; oneway ANOVA; n =13͒. However, in the presence of the calpain inhibitor, MDL 28170 ͑0.5 M͒, the strain-induced increase in DNA fragmentation was abolished and the strain-mediated increase in DNA fragmentation significantly decreased from ͑39.6Ϯ 7.41͒% to ͑15.02Ϯ 2.01͒% ͑p Ͻ 0.05; one-way ANOVA, n =6-13͒. Similarly, the JNK inhibitor, JNK inhibitor 1 ͑1 M͒, prevented the strain-induced increase in DNA fragmentation, since in the presence of the D-JNK inhibitor 1, ͑9.42Ϯ 3.62͒% and ͑17.0Ϯ 3.12͒% of cells displayed DNA fragmentation in unstrained and strained ͑10%, 0.17 Hz, 3 days͒ conditions, respectively.
10% of Cyclic Mechanical Strain Activates Calpain in MSCs.
Since the strain-mediated increase in DNA fragmentation was calpain-dependent, we analyzed the effect of 10% strain ͑0.17 Hz, 2 days͒ on calpain activity by measuring the cleavage of fluorogenic calpain substrate ͑Fig. 7͒. Exposure of the cells to 10% strain increased calpain activity from 48Ϯ 19 pmol AFC produced/ g / min to 232Ϯ 149 pmol AFC produced/ g / min ͑n 
=6͒
. The calpain inhibitor, MDL 28170, reduced the strainmediated increase in calpain activity to 74Ϯ 38 pmol AFC produced/ g / min ͑n =6͒.
Discussion
Mechanical stimulation of cell-seeded scaffolds through the use of bioreactors is a successful approach for in vitro preconditioning for tissue engineering applications, through the control of cellular proliferation and in directing differentiation toward appropriate cell types ͓43͔. However, the optimal mechanical conditions that will stimulate optimal construct development while maintaining cell viability have yet to be completely defined ͓15͔. The aim of this study was to investigate the relationship between tensile strain and mesenchymal stem cell viability and to examine the mechanotransduction pathways linking the physical stimulus to the apoptotic response. MSC apoptosis occurred in a magnitudedependent manner, with significant apoptosis occurring at strains above 7.5% and maximal apoptosis occurring at 10% of strain. Strain-mediated apoptosis was unaffected by blocking SACC with gadolinium chloride suggesting that SACCs are not pertinent in this pathway. In contrast, when L-type VACCs were blocked by nicardipine, the strain-induced activation of apoptosis was abrogated, indicative of a role for VACC in the initiation of the mechanotransduction signal that promotes apoptosis. Given that activation of the L-type Ca 2+ channel in response to 10% strain would be expected to increase intracellular concentration, we sought to examine the role of the calcium-activated protease, calpain, in this strain-induced apoptotic cascade. In the presence of the calpain inhibitor MDL 28170, the strain-induced apoptosis was prevented suggestive of a calpain-dependent mechanism of strain-induced apoptosis. Similarly, the stress-activated protein kinase, JNK, was also found to be active during strain and involved in strainmediated MSC apoptosis.
The sensitivity of MSCs to sustained cyclic tensile strain was shown to have a threshold dependency. For a number of cell types, previous work supports the relationship between strain magnitude and apoptotic injury; however, the threshold limits are not consistent and this is thought to be cell specific ͓31͔. Our observation that cell survival is maintained up to strains of 5% is in agreement with the study of Plotkin et al. ͓44͔ , where the authors report a protective effect of strains up to 5%, due to extracellular-regulated kinase ͑ERK͒ activation in osteocytes.
Positive bone remodeling gene expression in response to sustained low strains ͑0.25-2%͒ has been observed in bone stromal cells ͓45͔, and an absence of apoptosis in foetal osteoblast cultures had been reported in response to strains up to 2.5% ͓26͔. The apoptotic response in MSCs in this study that was associated with larger strains has also been observed in retinal pericytes ͓30͔ where 10% cyclic tensile strain induced apoptosis via JNK activation, and in smooth muscle cells where 10% cyclic strain leads to apoptosis ͓28͔. The strain magnitude dependency of cell apoptosis has also been demonstrated in vascular endothelial cells ͑ECs͒ ͓32͔. In that study, the threshold limits were elevated from those described above; however, cell survival was reported for strains that are physiological for ECs ͑6% and 10%͒ and apoptosis was stimulated by higher, potentially pathological levels of cyclic stretch ͑20%͒. In contrast, cell survival has been reported in MC3T3-E1 osteoblasts exposed to uniaxial strain of 20% ͓25͔; however, in that study, the maximum exposure time was 60 min. Thus, the impact of strain on cell viability is dependent on both magnitude and duration of exposure.
In this study, through blocking the cell membrane VACC using the selective L-type Ca 2+ channel blocker, nicardipine, the apoptotic effect of sustained 10% cyclic strain was abolished. L-type Ca 2+ channels have previously been shown to have mechanosensitive properties ͓17͔ and intracellular Ca 2+ fluxes in response to mechanostimulation of L-type Ca 2+ channels have been linked to strain-mediated apoptosis in neonatal cardiomyocytes ͓46͔. The mechanisms of mechanosensation in VACC have yet to be fully defined; however, research has recently identified the von Willebrand factor A ͑VWA͒ type domain on the extracellular sequence of the alpha ͑2͒ delta ͑␣2␦͒ subunit of the VACC ͓47͔. Since this domain mediates binding to proteins such as collagen, found in the extracellular matrix, it follows that the ␣2␦ subunit may be involved in the detection of extracellular mechanical events and link subsequent activation of the channels. SACCs have also shown to be activated in response to physical stimuli ͓16͔; however, the present study reveals that apoptosis in response to tensile strain is independent of signaling via SACCs in MSCs.
JNK is activated in response to a variety of cellular stresses and extracellular signals ͓18͔; and in apoptotic cells, morphological features are often preceded or concomitant with JNK activation ͓48͔. However, JNK activation has been reported to have both cell survival ͓45͔ and apoptotic effects ͓20͔. Phosphorylation of JNK has been associated with mechanical stretch ͓19,30,33͔; and the cell survival or death response is dependent on whether JNK activation is transient or sustained, which is regulated by the magnitude of applied stretch. Large strains have shown to evoke sustained JNK activation that has consequently lead to apoptotic cell death ͓20͔, whereas low strains have stimulated sustained JNK activation while simultaneously promoting expression of positive bone remodeling genes ͓45͔. JNK phosphorylation has been identified in this study, sustained after 3 days of cyclic tensile strain. We demonstrate that inhibition of JNK activation during 10% cyclic strain offers cell protection suggesting a role for JNK in strain-mediated apoptosis of MSCs. JNK activation through cyclic strain occurs as a consequence of calcium-dependent mechanotransduction ͓20͔; therefore, JNK activation in this study may be downstream of the L-type calcium channel, which we have also demonstrated to be involved in this strain-induced apoptotic event.
Calpains are Ca 2+ -dependent proteases that target many cytoskeletal proteins ͓23͔. Extensive studies on spinal cord injury have revealed calpain activation to occur through rises in intracellular Ca 2+ in response to trauma ͓49͔. Cell death through a loss of structural integrity and destabilization of the cellular architecture follows. Calcium activation of calpain and subsequent inhibition of apoptosis by a calpain inhibitor have been demonstrated in pancreatic islet cells ͓50͔, and Sharma and Kohrer ͓51͔ have linked apoptosis through calcium-activated calpain and modulation of caspase-3 activity. In this study, calpain has been impli- cated in strain-mediated apoptosis since application of 10% strain in the presence of a calpain inhibitor prevented strain-mediated cell death. Given that L-type Ca 2+ channels have been shown to be active during mechanical stimulation of MSCs, it is therefore possible that changes in intracellular Ca 2+ concentrations that follow induce conformational changes in calpains that lead to their activation. In neurons, Ca 2+ in response to tensile forces have been linked to cytoskeletal degradation via calpain ͓35͔, and calpain inhibition has previously demonstrated protection against UV-induced cell death and reduces spectrin degradation ͓52͔. Thus it is possible that in this study, MSC apoptosis following strain is a consequence of a loss in cytoskeletal integrity through calpain-mediated spectrin proteolysis. A recent study has identified the involvement of calpain in the JNK stress response pathway ͓53͔; therefore, the activation of JNK observed in response to mechanical strain may be influenced by the calcium-mediated calpain activation, as well as direct activation from free intracellular calcium.
It is acknowledged that the magnitude of strain experienced by cells is diminished from that which is applied to the substrate ͓44,54͔. Recently, Wall et al. ͓55͔ reported that the strain experienced by tenocytes during uniaxial strain was 63% of the magnitude of substrate strain applied; however, within different areas of individual cells, strains exceeded the membrane strain applied. It can therefore be extrapolated that overall, the strain experienced by cells is less than that applied to the substrate; however, within cells, a range of strains exist that may follow a Gaussian distribution centering on or below the magnitude of the substrate strain applied.
Fluid shear forces that occur as a consequence of a moving body in a liquid were minimized by using a volume of culture medium that just covered the cells; however, turbulent flow will still exist. Shear stress has been found to activate JNK in endothelial cells, but only transiently, and cell apoptosis did not follow ͓56͔. Shear strains have, in fact, been reported to favor cell survival ͓57͔. We examined of the effect of fluid flow in a separate experiment and found that it was not sufficient to induce protein expression changes that were induced after the application of tensile strain ͑data not shown͒, we therefore assume that the primary stimulus involved in the apoptotic response was tensile cyclic strain, rather than the coincident fluid shear stimulus.
In this study, strain rate was varied while cycle frequency remained fixed. Hence, each strain magnitude was implicitly applied at distinct strain rates. Since it has been reported that the rate of strain influences bone remodeling ͓58͔, the effect of varying strain rates also may implicitly contribute to the mechanically induced response reported herein. Immunophenotyping of the cell population identified a subpopulation of CD90 dim cells; this has previously been noted in a cancer stem cell study ͓59͔ and this population may represent resting stem cells that give rise to CD90 bright progenitor cells.
In summary, our results demonstrate that continuous uniaxial mechanical strain applied to mesenchymal stem cells in monolayer at a magnitude greater than 5% promotes apoptosis in a manner involving the L-type VACC and the calpain and JNK pathways ͑Fig. 8͒. Further understanding of the consequences of mechanical strain on MSC viability, as well as the intracellular signaling events that underlie such affects, will assist in the development of tissue engineering strategies in which mechanical priming of MSCs is used to encourage optimal formation of tissueengineered constructs, in a manner that limits cell loss through apoptosis. 
